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LONG-TERM  GOALS 

The  long-term  scientific  goals  of  this  research  project  were: 

1.  To  develop  a  state -of-thc-art  ocean  4-dimcnsional  variational  (4D-Var)  data 
assimilation  and  ocean  forecasting  system  for  the  Regional  Ocean  Modeling  System 
(ROMS); 

2.  To  develop  a  state-of-the-art  suite  of  post-processing  and  diagnostic  tools  in  support 
of  ROMS  4D-Var; 

3.  To  gain  the  necessary  experience  using  the  ROMS  4D-Var  systems  in  complex 
circulation  environments; 

4.  To  train  the  next  generation  of  users  of  the  ROMS  4D-Var  system. 

OBJECTIVES 

The  main  objectives  of  this  project  were:  (i)  to  assess  the  impact  of  observations  on  ocean  state 
estimates  and  the  ensuing  forecasts;  (ii)  to  quantify  the  expected  errors  in  4D-Var  ocean 
circulation  estimates;  and  (iii)  to  develop  multiniodcl  ensemble  and  superensemble  methods  for 
ocean  models. 

APPROACH 

The  primary  tool  used  in  this  projeet  was  the  Regional  Oeean  Modeling  System  (ROMS).  To 
address  the  aforementioned  goals  and  objectives,  we  used  a  recently  developed  suite  of  tools  that 
utilize  the  tangent  linear  (TL),  adjoint  (AD),  and  finite-amplitude  tangent  linear  (RP)  versions  of 
the  ROMS  code.  ROMS,  TLROMS  and  ADROMS  were  developed  under  the  support  of 
previous  ONR  funding,  while  the  development  of  RPROMS  was  supported  by  NSF.  Three  4D- 
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Var  data  assimilation  systems  have  been  developed  for  ROMS  (Moore  et  al.,  201  la,b,c),  one 
based  on  the  primal  formulation  and  two  based  on  the  dual  formulation. 

WORK  COMPLETED 

During  the  project  we  completed  the  following  tasks: 

1 .  Observation  impact:  The  transpose  of  the  gain  matrix  derived  from  each  4D-Var 
assimilation  cycle  provides  information  about  the  impact  of  each  observation  on  the 
circulation  estimate.  A  separate  driver  was  developed  for  ROMS  for  computing 
observation  impacts,  and  was  applied  to  explore  the  impact  of  observations  in  two 
different  ROMS  configurations:  the  Intra-Americas  Sea  (IAS)  and  the  California  Current 
System  (CCS).  The  results  of  this  work  are  described  in  Moore  et  al  (201  lc)  and  Powell 
et  al  (2011). 

2.  Observation  sensitivity:  The  adjoint  of  the  entire  4D-Var  system  can  be  used  to  assess 
the  impact  of  changes  in  the  observations  or  the  observation  network  for  a  single  4D-Var 
assimilation  cycle  without  the  need  to  recompute  the  4D-Var  analysis.  This  is  a  very 
efficient  tool  for  performing  Observing  System  Experiments  (OSEs),  and  a  separate 
driver  was  developed  for  ROMS  for  computing  observation  sensitivities,  and  has  been 
applied  to  ROMS  CCS.  The  results  of  this  work  are  described  in  Moore  et  al  (201  lc). 

3.  Analysis  and  forecast  error  estimates  based  on  adjoint  4D-Var:  Using  the  adjoint  of 
the  4D-Var  system,  we  have  developed  a  new  method  for  efficiently  computing 
background,  analysis  and  forecast  error  variances  without  the  need  to  explicitly  generate 
the  4D-Var  ensemble  members.  At  the  present  time,  we  are  restricted  to  computing 
covariance  information  for  linear  functions  of  the  state-vector  (e.g.  space-time  averages, 
transport,  heat  content,  etc),  but  the  method  holds  promise  for  extracting  more  detailed 
information.  The  results  of  this  work  are  described  in  Moore  et  al  (201  Id). 

4.  Graduate  student  and  post-doc  training  and  mentoring:  During  this  project  one 
graduate  student  at  UC  Santa  and  one  technician  at  U  Hawaii  were  trained  and  mentored. 
The  graduate  student  at  UC  Santa  Cruz  worked  on  developing  superensemble  methods 
for  ROMS  IAS,  while  personnel  at  U  Hawaii  focussed  attention  on  4D-Var  in  the  North 
Atlantic  and  IAS  regions. 

5.  4D-Var  Workshop:  A  one  week,  hands-on,  ROMS  4D-Var  workshop  was  held  at  UC 
Santa  Cruz  12-16  July,  2010,  attended  by  37  scientists  and  students  from  seven  different 
countries.  The  aim  of  the  workshop  was  to  provide  help  and  training  for  expert  ROMS 
users  in  running  the  ROMS  4D-Var  drivers.  The  workshop  was  comprised  of  a 
combination  of  formal  lectures,  tutorials,  and  hands-on  exercises  based  on  ROMS  CCS. 
Lecture  notes  are  available  at  http://mvroms.org/index.php?page=4DVAR  2010  agenda, 
while  https://www. mvroms.org/wiki/index.nhn/4DVar  Tutorial  Introduction  provides 
detailed  information  about  the  hands-on  exercises. 

6.  Manuscripts  published:  A  series  of  three  manuscripts  describing  the  entire  ROMS  4D- 
Var  system  were  prepared  and  published  in  Progress  in  Oceanography  during  this 
project.  Moore  et  al,  2011a  (Part  I)  describes  the  mathematical  and  technical  aspects  of 
ROMS  4D-Var  and  supporting  diagnostic  algorithms,  while  Moore  et  al,  201  lb  (Part  II) 
and  Moore  et  al,  2011c  (Part  III)  demonstrate  the  performance  of  the  systems,  and 
present  examples  of  calculations  from  all  of  the  4D-Var  system  components.  A  fourth 
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manuscript  describing  the  use  of  the  adjoint  of  4D-Var  for  computing  error  covariance 
information  was  also  submitted  to  Monthly  Weather  Review  and  is  currently  under  review 
(Moore  et  al,  201  Id).  A  manuscript  describing  the  impact  of  various  observing  platforms 
on  the  Yucatan  Channel  transport  and  the  inter-island  passage  transports  of  the  Caribbean 
Sea  is  in  preparation  (Powell  et  al,  2011). 
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